Tick-borne encephalitis virus (TBEV) is the most important arboviral agent causing disease of the central nervous system in central Europe. In this study, 61 TBEV E gene sequences derived from 48 isolates from the Czech Republic, and four isolates and nine TBEV strains detected in ticks from Germany, covering more than half a century from 1954 to 2009, were sequenced and subjected to phylogenetic and Bayesian phylodynamic analysis to determine the phylogeography of TBEV in central Europe. The general Eurasian continental east-to-west pattern of the spread of TBEV was confirmed at the regional level but is interlaced with spreading that arises because of local geography and anthropogenic influence. This spread is reflected by the disease pattern in the Czech Republic that has been observed since 1991. The overall evolutionary rate was estimated to be approximately 8¾10 "4 substitutions per nucleotide per year. The analysis of the TBEV E genes of 11 strains isolated at one natural focus in Ž d'á r Kaplice proved for the first time that TBEV is indeed subject to local evolution.
INTRODUCTION
Tick-borne encephalitis (TBE) is the most important arboviral disease of the central nervous system in central Europe (Lindquist & Vapalahti, 2008) . After an initial description in Austria (Schneider, 1931) , TBE was described as a disease on the increase in the late 1940s in parts of Central and South Bohemia and South Moravia (Krejčí, 1949b) , and tick-borne encephalitis virus (TBEV) was first isolated from human patients in the Czech Republic in 1948 Krejčí, 1949a) . TBEV was concurrently isolated from the tick Ixodes ricinus, which suggested the role of the tick as a vector of the newly recognized disease . This virus belongs to the tickborne flavivirus group: genus Flavivirus, family Flaviviridae. In central Europe TBEV is primarily transmitted by ticks, mainly by the pasture tick (Ix. ricinus). Humans are only accidental hosts of TBEV and therefore do not play any role in the natural transmission cycle of TBEV. The natural hosts of TBEV in central Europe are rodents, mainly the yellownecked mouse (Apodemus flavicollis) and the bank vole (Myodes glareolus) (Weidmann et al., 2006) . Here, TBEV shows a localized distribution, mainly in southern Germany, Austria, the Czech Republic, the Slovak Republic, Switzerland, Denmark and the western part of France (Donoso Mantke et al., 2008) .
Based on phylogenetic analysis, three subtypes of TBEV can be distinguished, a Western subtype (W-TBEV), a Siberian subtype (S-TBEV) and a Far-Eastern subtype (FE-TBEV) (Ecker et al., 1999) . According to recent discussions, an alternative taxonomy for TBEV was proposed. This includes four to five different subtypes, adding the currently distinct species Louping ill virus and possibly another Siberian-Baltic subtype to the three accepted subtypes (Grard et al., 2007) . The genome of TBEV comprises a positive-polarity ssRNA of approximately 11 000 nt. One ORF encodes a total of three structural proteins [capsid, membrane and envelope (E) proteins] and seven nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5) (Chambers et al., 1990) . It is commonly accepted that the E protein plays a major role in the infection of cells and also in the protective immune response following virus infection. Different TBEV strains and subtypes share nucleic acid homologies of .90 %. The E protein is usually used for phylogenetic studies and comparisons for flaviviruses and for TBEV strains (Dobler et al., 2008; Ecker et al., 1999) .
The evolution and dispersal of flaviviruses of the TBE group on the Eurasian continent has been analysed (Zanotto et al., 1995 (Zanotto et al., , 1996 , and the results suggest that the range of viruses of the TBE group expanded over a time period of approximately 1700-2100 years in a westerly direction from Far-Eastern Asia (Hayasaka et al., 1999) . The final TBE group virus evolved approximately 300 years ago (Zanotto et al., 1995 (Zanotto et al., , 1996 . Recent studies in Russia and the Baltics show that human activities may have contributed to the distribution of different TBEV strains in the European and Siberian parts of Russia (Kovalev et al., 2009) . Information on the genetic variation of TBEV in northern Europe has recently been reported (Jääskeläinen et al., 2010) . There are only a few W-TBEV isolates from central Europe and therefore little information on their genetic variability is available (Suss, 2008) .
The migration of TBEV from the east to the west of the Eurasian continent is generally accepted. The dispersal within central Europe has, so far, not been addressed. Therefore, in the present study we compared the nucleotide sequences of the envelope gene (E gene) of 61 TBEV strains isolated from the Czech Republic and southern Germany over a range of 55 years. In a spatio-temporal analysis, the genetic distance of the individual TBEV strains was correlated to the distance between their isolation sites. The data imply that the continental spread of TBEV from east to west can be confirmed at the subcontinental level in central Europe.
RESULTS
Forty-eight TBEV isolates were collected from 1954 to 2002 in the Czech Republic at 19 sites and four isolates were collected from 2002 to 2006 in Germany at two sites. Additionally, TBEV was detected only by RT-PCR in nine ticks at three of four German sites. The latitude and longitude coordinates of all 23 isolation and detection sites were recorded (Table 1) . The complete E-gene sequences of 48 TBEV isolates from the Czech Republic and 13 TBEV strains (four virus isolates and nine RT-PCR products) detected in Germany were determined and used for phylogenetic analysis.
In general, the identity of the determined TBEV E-gene sequences ranged from 97 to 100 % (divergence 3.1-0.0 %) at the nucleotide level, which translated to a homology of 99-100 % (divergence 1.3-0.0 %) at the amino acid level in an ungapped CLUSTAL W alignment. In comparison with the Neudörfl strain, the most prominent amino acid exchange, N154S, was shared by 27 sequences (44 %) from both German and Czech TBEV isolates.
Spatial analysis of the divergence of the TBEV Egene sequences of isolates from the Czech Republic
The TBEV E-gene sequences from the Czech Republic were analysed in search of correlations between distance and divergence. A dendrogram of the TBEV isolates indicated a correlation trend of divergence on a rough distribution from east to west. The entire tree was rooted to a sequence from South Moravia (T-730/I) and the sequences clustered in regional groups (not shown).
To look at this distribution in more detail, the divergence and distance of the E-gene sequence of each Czech TBEV isolate to the sequence of the E gene of the westernmost TBEV isolate from the Czech Republic, T-828/I from Ú stí nad Labem (UNL), was plotted ( Fig. 1 ). The divergence of the E genes of the Czech TBEV isolates to the E-gene sequence of isolate T-828/I ranged from 0 to 2.3 % and the distance from 0 to 272 km, with the divergence being lower the closer an isolate was to this westernmost isolation site. For a P-value,0.0001 the Pearson correlation coefficient (r) was 0.6794. This could be confirmed by cross-referencing the same distance data (representing the distribution) to the divergence of the E-gene sequences of each strain to the E-gene sequences of TBEV strains isolated outside this area, i.e. TBEV Neudörfl, isolated south of Vienna, and TBEV strain Amberg II, located west of all the Czech TBEV isolation sites in Bavaria, Germany. The divergence of the E-gene sequences of the Czech TBEV isolates compared with the E-gene sequence of TBEV Neudörfl was generally higher than the divergence from the E-gene sequence of isolate T-828/I, ranging from 1.3 to 2.3 %. However, the correlation between site location and divergence was even greater in relation to the E-gene sequence of TBEV Neudörfl, having a correlation coefficient r50.7962. The divergence from the E-gene sequence of TBEV Amberg II ranged from 0.1 to 3.3 % and yielded a correlation coefficient r50.6060.
Local evolution in isolates from Ž d ' á r Kaplice
The results of a phylogenetic analysis of the E genes derived from 11 TBEV isolates collected at Ž d ' ár Kaplice, from 1986 to 1989 are depicted as an unrooted star plot in Fig. 2 . The star plot depicts the complex interrelationship of the sequences to each other, indicating local evolution. One sequence variant was repeatedly isolated in three of four consecutive years [T-155 (1986) , T-321 (1987) respectively. Four distinct isolates were made in 1986, two isolates in 1987 and two isolates in 1989 (Table 2) .
Selection among TBEV in central Europe
We found no evidence for positively selected sites among the E sequences included in this study using codon-site models implemented in HyPhy. Nevertheless, we found 20 negatively selected codons with both methods, which indicated that strong purifying selection (with P values#0.02) could be occurring and that most of the genetic diversity of TBEV we measured spatio-temporally is because of synonymous substitutions. after 400610 6 states]. The estimated rate had a peaked unimodal posterior distribution with basically the same mean and median. Based on this rate estimate, we were able to infer the recent history of our samples. The Bayesian skyline (BSL) plot of TBEV indicated some viral population increase up until the mid-1960s, followed by a rather constant population size during the past 50 years, with some observable decline after a zenith around the late 1990s (indicated by the y-axis in Fig. 3a) . Moreover, the maximum clade credibility (MCC) tree obtained from four independent Markov-chain Monte Carlo (MCMC) runs shown in Fig. 3(b 
DISCUSSION
Correlating the divergence of the E-gene sequences of Czech TBEV isolates to the west-to-east spread among these isolates by calculating the polar distances between their isolation sites revealed a strong correlation of divergence to location (Fig. 1) . In general, the further east the isolates are the more divergent their E-gene sequences appear from the E-gene sequence of the westernmost Czech isolate from UNL, and even more so if compared relative to the E-gene sequence of TBEV Neudörfl from Austria. This is the first time that the arbovirus cline across Eurasia described by Zanotto et al. (1995) has been observed on a small scale. The maximal distance observed here was 272 km.
Local foci of TBEV in central Europe have been extensively characterized (Gresíková et al., 1968 (Gresíková et al., , 1986 Kozuch et al., 1969; Labuda et al., 2002; Nosek et al., 1970) . Focal occurrence of TBEV in ticks depends on microclimate (humidity and the 8 u C isotherm) (Labuda et al., 2002; Randolph et al., 2000) , and coincidence of tick-and hostpopulation densities (Carpi et al., 2008; Randolph et al., 1999; Rizzoli et al., 2007; Vor et al., 2010) . The analysis of the TBEV E-gene sequences of 11 isolates made over the course of 3 years at Ž d ' ár Kaplice describes the local evolution and co-existence of several strains at one active 250 m 2 TBEV focus in an oak and pine wood at an altitude of 500-510 m with high tick abundance and a minimal TBEV infection rate of 1.2 %. Moreover, we found no evidence for positive selection in the E gene but a clear signal of negative selection at 20 codons, meaning that a strong purifying selection, owing to functional constraints imposed on the envelope genes upon natural transmission, can be detected among our samples.
We obtained high ESS values (mean.8000) during our MCMC run and high posterior probabilities for our character-state change reconstructions (mostly near to or more than 98 %), which suggested that our samples allow consistent phylogeographic inferences. The BSL plot of TBEV E-gene sequences from central European TBEV isolates from the Czech Republic and Germany indicates that the virus has been kept in enzootic cycle for the past 50 years, as shown by the flat phylodynamics. The lineage of TBEV, which we are tracking, appears to have remained in Central Bohemia for almost 25 years. It then moved, 35 years ago, to South Bohemia and then experienced considerable movement, spreading from there to the west, north and, recently, to south-east Germany.
South Bohemia is a high TBE-risk area with the highest TBE incidence in the Czech Republic. Whilst the mean annual (Zanotto et al., 1995) would be explained by the predominant factors influencing the zoonotic nature of the TBE cycle over extensive geographical distances and large time periods, possibly since the last glacial period. Indeed, by regressing genetic distances against the polar distances of other samples in relation to UNL T-828/I we get a signal of positive dependence (Fig. 1) , which could reflect the overall slow mobility of TBEV in space. Nevertheless, the fine-grained movement pattern we get with BEAST by using dated samples that were grouped into a limited set of regions indicates a spread that shows a more complex local pattern of distribution. This could be explained by considering that relevant anthropogenic factors may be playing an increasing role in TBEV spread in short time intervals.
In Scandinavia the spread of W-TBEV has been attributed to climate change or a combination of climate change and anthropogenic influences as far away as regions of northern Finland, in which W-TBEV is now even transmitted by Ix. persulcatus (Brinkley et al., 2008; Jääskeläinen et al., 2011; Lindgren & Gustafson, 2001) .
Molecular time clock analysis led us to speculate that the multiple introduction of FE-TBEV into Japan from Russia might have occurred via tick-infested migratory birds (Suzuki, 2007) , which are also suspected to be involved in the spread of TBEV in Scandinavia (Waldenström et al., 2007) .
Molecular time clock analysis also offered an explanation for the anthropogenic spread of a Baltic lineage of S-TBEV from the Urals to the Baltic and of a second S-TBEV lineage from Irkutsk to the Urals, coinciding with the construction and use of the first major road thoroughfare into Siberia (Moscow-Narym) and a second trans-Siberian route (Moscow-Irkutsk) (Kovalev et al., 2009 ).
The analysis made here indicates that the general slow mobility pattern in space of TBEV strains described herein appears to be interlaced with spreading because of anthropogenic influences. In the most recent branch of the MCC tree, one of the most recent strains isolated at Haselmühl (HM 666) groups together with strains from Burglengenfeld, which are only about 15 km apart.
However, possible host roe deer that could cover the distance have small home ranges (diameter of 600 m) (Le Corre et al., 2008) . Even though juvenile roe deer have larger ranges (Van Moorter et al., 2008) an anthropogenic transfer covering the 15 km is an obvious option.
Several papers have described the ascension of the Ix. ricinus range from 800 to 1300 m in central Europe and found TBEV-positive ticks at 1100 m altitude (Daniel et al., 2009; Danielová et al., 2006 Danielová et al., , 2010 accompanied by an increase in the number of human cases at higher altitudes (Daniel et al., 2004; Lukan et al., 2010) . In the Czech Republic, the northern Krkonoše (Giant Mountains) and the Jizerské hory and Jeseníky mountain ranges form a natural barrier towards Poland (max. altitudes of 1600 and 1400 m), the central Vysočina low mountain range (altitude 500-800 m) separates Bohemia and Moravia, and the western Bohemian mountains (Sumava-Bavarian mountains, Č eský les, Krušné hory; mean altitude 1100 m, max. altitude 1400 m) form a barrier towards Germany.
The barrier to the west may explain why the divergence of the E-gene sequences of the German TBEV isolates compared with the E-gene sequences of the Czech TBEV isolates is the largest (Fig. 1) . The obvious interpretation being that ticks infested with Czech TBEV strains have not yet managed to cross this natural barrier. Surprisingly, the Czech TBEV strain closest to the German TBEV strains in the MCC tree is strain 730, which is from the easternmost location in the Czech Republic in South Moravia 277 km away from Haselmühl. This TBEV strain-migration pattern strongly suggests that there was anthropogenic involvement in overcoming the barrier of the Bohemian mountains. However, more information on more German TBEV isolates is needed to determine a reliable migration pattern within Germany and the role of anthropogenic involvement in it.
In summary, the analysis of the TBEV E-gene sequences of eleven strains isolated at one foci in Ž d ' ár Kaplice proves for the first time that TBEV is indeed subject to local evolution. The phylogenetic and molecular-clock analysis of 61 E-gene sequences confirmed that the general Eurasian continental east-to-west pattern of spreading of TBEV can be observed at the regional level, and that it is interlaced with variations in spreading owing to the local geography and anthropogenic influence. This spread is reflected by the disease pattern observed in the Czech Republic since 1991.
METHODS
Virus strains. Ticks were mainly collected by flagging. Strains were isolated from ticks (Ix. ricinus and Ix. hexagonus) or mammalian hosts (strain 465 from brain of a dead squirrel Sciurus vulgaris, strain 361 from Apodemus sylvaticus and strain V-540 from M. glareolus) in the Czech Republic and southern Germany over a period of .55 years. Virus isolation was performed using suckling mice or a stable porcine kidney cell line (PK). The location of isolation and the isolation histories of the particular virus strains are shown in Table 1 . In all cases, low-passage TBEV strains were used.
The isolates were propagated through suckling mouse brain passages (strains 798, 200, 206 and 679 underwent three passages in PK cell and one in mouse brain; strains 1015 and 1025 underwent two passages in PK cells and one in mouse brain). Stocks of the strains were prepared as 20 % (w/v) mouse brain homogenates. Recent TBEV isolates BUL 393, BUL 399, HM 467 and HM 474 from southern Germany were isolated in Vero B4 cells (DSMZ catalogue no. ACC 33). The sequences of AM I and AM II have been described previously (Kupča et al., 2010) .
RNA extraction, PCR amplification and sequencing
Viral RNA was isolated from 20 % (w/v) mouse-brain suspensions using a QIAamp Viral RNA kit (Qiagen), according to the manufacturer's instructions.
The TBE E genes of strains 1-12, 33-34 and 43-48 (Table 1) were amplified and sequenced by using primers 1A, 1B, 2A and 2B ( Supplementary Table S1 , available in JGV Online), and protocol A (below), and those of strains 13-32, 35-41 and 49-61 by using primers TBE-885, TBEw-c2571a, TBEwc-2571b and TBEw-c1648 ( Supplementary Table S1 ), and protocol B (below). (Pond et al., 2005) to uncover selected codon sites in the TBEV envelope gene. We used both the single-likelihood ancestral counting and fixed-effects likelihood methods, using the best fit nucleotide model for the data. All positively and negatively selected sites were estimated at the 95 % confidence interval.
Bayesian phylodynamics analysis. To reconstruct the evolutionary history of the TBEV a 1488 character alignment (including gaps) of the sequences of 61 envelope genes, for which we had both year of isolation and sampling position (latitude and longitude), was used in a maximum-likelihood optimization using Garli build 0.951 (Zwickl, 2006) using the general time reversible (GTR) model of nucleotide substitution (Krejčí, 1949b) while simultaneously optimizing topology, branch lengths, rate heterogeneity and model parameters. As we had date-stamped samples, a MCC tree with dated tips and internal nodes was inferred using a MCMC Bayesian approach under the GTR model with gamma-distributed rate variation (C) and a proportion of invariable sites (I) using a relaxed (uncorrelated lognormal) molecular clock (Drummond et al., 2006) in BEAST version 1.5.4 (Drummond & Rambaut, 2007) . The GTR+C+I substitution model was used because it was the best model obtained with ModelTest (Posada, 2008) . We used a relaxed molecular clock because previous envelope-gene sequence analyses have suggested that flavivirus evolution generally approximates a molecular clock, but some minor rate differences occur (Twiddy et al., 2003) . Four independent MCMC runs of four chains each were run for 100610 6 states. Convergence of parameters during MCMC runs was assessed by their ESS reaching values .200, as calculated with TRACER version 1.5 (Drummond & Rambaut, 2007) , with uncertainties depicted as 95 % HPD intervals.
Phylogeography of TBEV. To investigate the overall spatiotemporal pattern of the spread of TBEV in Germany and the Czech Republic, we assigned a set of terminal unordered character states to each sequence according to a mean reference position in their main area of isolation as follows: Central Bohemia (C; latitude, 49.95u, longitude, 14.28u; 12 taxa), south-east Germany (G; latitude, 49.33u, longitude, 12.00u; 13 taxa), North Bohemia (N; latitude, 50.65u, longitude, 14.22u; 11 taxa), South Bohemia (S; latitude, 48.88u, longitude, 14.65u; 23 taxa) and North Moravia (M; latitude, 49.43u, longitude, 17.31u; two taxa). With the exception of Moravia (two taxa), all localities had even sampling proportions with more than ten taxa to ensure a plausible reconstruction of character-state changes for 61 taxa. We used a time-scaled phylogeny to reconstruct the TBEV spread patterns by using a standard continuous-time Markov-chain model with the Bayesian stochastic search variable selection procedure in BEAST (Lemey et al., 2009) . The description of geographical spread was obtained by MCMC sampling from the plausible set of trees using the procedures outlined above and taking the inferred internal states as surrogates for migration events with Bayes factors .25 that we considered as credibly supported.
Statistics. To check for linear dependence between the polar distances of the isolation sites of the TBEV isolates and selected TBEV isolates, and for divergence of their E-gene sequences from the E-gene sequence of selected TBEV isolates, the Pearson productmoment correlation coefficient (r) was calculated.
